IMPORTANCE Monitoring one's performance is necessary for learning and adaptive behavior; however, heightened performance monitoring is a purported endophenotype of obsessive-compulsive disorder (OCD). The anterior cingulate cortex (ACC), a brain region implicated in the pathogenesis of OCD, is associated with performance monitoring. Whether performance monitoring early in development is an identifiable risk factor for OCD and whether early childhood performance monitoring is associated with later alterations in ACC volume are unknown.
M onitoring one's performance is vital for detecting and learning from errors, leading to behavioral adaptation and flexibility. However, heightened monitoring of performance may contribute to compulsive behaviors in an attempt to correct and avoid future errors, as evidenced in obsessive-compulsive disorder (OCD).
1,2 Heightened performance monitoring has repeatedly been demonstrated to be a cognitive process characteristic of OCD, leading to it being posited to be a core dysfunction or endophenotype of the disorder. 1, 3, 4 Despite these associations, no evidence indicates that heightened performance monitoring exhibited before symptom expression is directly associated with onset of OCD. Successfully identifying elevated performance monitoring in early childhood before and in association with later disorder onset would provide evidence that heightened performance monitoring is an early emerging risk factor for OCD. This evidence could inform identification of children at high risk for developing OCD and lead to targeted preventive intervention before such tendencies become stable and less modifiable. This latter point is of critical importance because little is understood about prevention of OCD. 5 Given that OCD is a psychiatric disorder associated with high levels of impairment and treatment resistance, 6, 7 identifying early markers of OCD before disorder onset has critical public health implications. Heightened performance monitoring is often assessed using behavioral indicators (eg, reaction time and number of behavioral errors) and adjustments after an error (ie, posterror slowing) during cognitive tasks. Heightened performance monitoring also is indexed by a neural marker, specifically, the error-related negativity, a negative component in an electroencephalogram that occurs after a behavioral error. Heightened performance monitoring is consistently elevated in patients with OCD, 1, 3 first-degree relatives of individuals with OCD, 4, 8 and healthy children and adults exhibiting obsessive-compulsive tendencies. 9, 10 Moreover, treatment for OCD that effectively decreases obsessivecompulsive symptoms has proved ineffective at reducing performance monitoring. [11] [12] [13] Neurobiological models of OCD implicate the anterior cingulate cortex (ACC), a region of the cortico-striato-thalamocortical circuit, in the etiology of the disorder.
14 The ACC is purportedly associated with elevated performance and error monitoring, detection of cognitive conflict, and persistence. [15] [16] [17] When electrically stimulated, the ACC induces compulsive goal-directed behaviors and perseverance. 18, 19 The ACC can be divided functionally into the dorsal ACC (dACC), thought to be activated by conflict and errors in cognitive tasks, and the rostral ACC, purportedly implicated in emotionally salient tasks and error responding. 20 Although the rostral ACC 21-23 and dACC 14 have been implicated in the pathophysiology of OCD, a greater supporting literature demonstrates the aforementioned error-related negativity, an electroencephalographic marker of performance monitoring, to be localized in the dACC. 24, 25 As such, patients with OCD demonstrate hyperactivation in the dACC to errors and cognitive conflict, 26 and this hyperactivation is speculated to be associated with overactive monitoring that contributes to OCD symptoms. 2, 26 Indeed, dACC hyperactivation has been correlated with OCD symptom severity, 27,28 whereas lesioning the dACC (via dorsal anterior cingulotomy) appears to reduce OCD symptoms in patients with treatment-refractory OCD. 29, 30 Adults with OCD also demonstrate volumetric and thickness differences in the dACC. Specifically, adults with OCD exhibit dACC cortical thinning that is correlated with self-reported obsessions. 31 In addition, patients with OCD have repeatedly demonstrated a reduced volume of the dACC in meta-analyses 32 and mega-analyses. 33 Although performance monitoring has consistently been purported to play a key role in the pathogenesis of OCD and is associated with neurobiological aberrations in the dACC, whether elevated performance monitoring evident early in development is present before and is directly associated with later onset of OCD is unknown. Moreover, whether an early childhood indicator of heightened performance monitoring is associated with neurobiological structural differences in the dACC is also unknown. The focus of the present study was to assess performance monitoring in preschool-aged children studied longitudinally and assessed for later psychiatric disorder and volumetric brain change. Because performance monitoring in very young children may be most readily measured using an observational measure rather than cognitive tasks or neural signatures, we developed an observed indicator of performance monitoring.
In the present prospective longitudinal study, we measured heightened performance monitoring in preschoolers using an observational task designed to elicit performance monitoring. We hypothesized that baseline observed heightened performance monitoring would be associated with onset of OCD during the course of the 12-year study. In addition, given that reduced dACC volume is evident in patients with OCD, 33 we also hypothesized that the indicator of performance monitoring would be associated with smaller dACC volumes across 3 waves of magnetic resonance imaging scans.
Methods

Participants
Participants included 292 children from the Preschool Depression Study 34 who had usable baseline observational data. The
Key Points
Question Is observed performance monitoring in preschool associated with onset of obsessive-compulsive disorder and anterior cingulate cortex volume across child development?
Findings In this observational cohort study of 292 preschool children oversampled for depression, performance monitoring was observationally coded during an ecologically valid task. Heightened performance monitoring was significantly associated with onset of obsessive-compulsive disorder during the next 12 years and smaller right dorsal anterior cingulate cortex volume across 3 neuroimaging scans.
Meaning An observational indicator of heightened performance monitoring is evident before symptom onset and is an identifiable risk factor for obsessive-compulsive disorder in preschool years. 
Observational Performance Monitoring
The Impossibly Perfect Circles task, part of the Laboratory Temperament Assessment Battery, 37 was administered at baseline of the Preschool Depression Study and used for observational coding of performance monitoring. The experimenter instructed the child to draw a "perfect" circle and repeatedly criticized the drawn circles for imperfections. Although the critiques were specific (ie, "that one is flat on the side"), they were not meant to help fix the errors. After 3 minutes of negative feedback, the experimenter admitted to being harsh and praised the child's circles. The task was originally designed to rate negative emotionality and persistence during negative feedback; however, it also elicits performance monitoring during a performance-focused task. Performance monitoring was coded using a novel scheme developed by one of us (K.E.G.). Items included modified scor- 
Psychiatric Diagnoses and Dimensional Severity Scores
Trained staff conducted in-person diagnostic assessments with primary caregivers at baseline through 7 years of age using the Preschool Age Psychiatric Assessment (PAPA), 39 the Child and Adolescent Psychiatric Assessment 40 to caregivers when the child was 8 years of age and to caregivers and children from 9 years of age to the final assessment, and the Kiddie Schedule for Affective Disorders and Schizophrenia 41 to caregivers and children at the final assessment. Interviews were reviewed for reliability as detailed elsewhere. 34 Categorical DSM-5 diagnoses were obtained at each assessment. A child was considered to have OCD if they met criteria at any assessment point. Baseline severity scores of anxiety and externalizing symptoms summed the total number of core DSM-based symptoms endorsed using the PAPA. Specifically, the anxiety severity score was the sum of separation anxiety disorder and generalized anxiety disorder symptoms, whereas the externalizing severity score was the sum of attention-deficit/ hyperactivity disorder, oppositional defiant disorder, and conduct disorder symptoms of the PAPA. Although a full OCD diagnosis was not obtained in the PAPA, baseline compulsions symptoms were summed to create a compulsions severity score (eMethods in the Supplement provides details on diagnostic assessments, reliability, and the compulsions severity score).
Neuroimaging and Image Processing
Three neuroimaging sessions used the same magnetic resonance imaging scanner (model 3.0T total imaging matrix Trio; Siemens Healthcare GmbH). The structural imaging sequence included acquiring 2 sagittal 3-dimensional T1-weighted magnetization-prepared rapid gradient-echo (MPRAGE) scans using a 12-channel head coil (repetition time, 24 000 milliseconds; echo time, 3.16 milliseconds; inversion time, 1200 milliseconds; flip angle, 8°; 160 sections; 256 × 256 matrix; field of view, 256 mm; 1.0 mm 3 voxels; 6:18 minutes per scan). The 2 MPRAGE scans were visually assessed, and the best was selected for further processing. Whole-brain volume and segmenting of each participant's anatomical image was completed using the longitudinal stream in the FreeSurfer software package (version 5.3; surfer.nmr.mgh.harvard.edu). 42 This process includes several processing steps, including skill stripping, Talairach transformations, atlas registration, and spherical surface maps and parcellations that use common information from an unbiased within-patient template and reduces bias that would be present in selecting a single scan. 43 Processing used the DesikanKilliany-Tourville protocol 44 to estimate the left and right dACC volumes and was taken from the bilateral caudal anterior cingulate parcellation.
Statistical Analysis
A univariable, followed by a multivariable, logistic regression was performed to examine whether preschool-aged observed performance monitoring was associated with onset of OCD. Bivariate analyses solely included observed performance monitoring, and multivariable analyses adjusted for baseline age, income to needs, use of psychotropic medication, externalizing, anxiety, and compulsions symptoms and preschool onset of depression. Results of these analyses were reported as exponentiated coefficients to obtain odds ratios (ORs) and 95% CIs. Two longitudinal multilevel linear models examined the association between performance monitoring and left and right dACC volume. Models included random intercept and slope components (with an unstructured covariance matrix), and performance monitoring was used to indicate variation in intercept (mean) left and right dACC volume. Time was coded as age at scan, centered at 7 years. Both models included covariates of psychotropic medication use at each scan (1 indicates yes; 0, no), sex (1 indicates male; 0, female), preschool onset of depression (1 indicates major depressive disorder; 0, no major depressive disorder), baseline ratio of income to needs, baseline externalizing severity score, baseline anxiety severity score, baseline compulsions severity score, and whole-brain volume at each scan (all mean centered). eMethods in the Supplement provides 2 exploratory models testing change of dACC volume over time. Logistic regression models were performed using SPSS software (version 25; IBM Corp), and longitudinal multilevel linear models were implemented in SAS software (version 9.4; SAS Institute Inc). eMethods in the Supplement provides additional analyses on diagnostic and brain volumetric specificity. P values from the logistic regression models and multilevel linear models were significant at P < .05.
Results
Among .00), with no differences in the observational indicator of performance monitoring as a function of sex or baseline externalizing or anxiety characteristics. However, older age (r = 0.40; P < .001), higher income-to-needs (r = 0.13; P = .03), baseline compulsions (r = 0.14; P = .02), and white race (t 290 = 2.95; P = .003) were associated with higher observed performance monitoring (Table 1) . Because we found a high association between race and the ratio of income to needs (t 217.49 = 10.49; P < .001), we did not include race as a covariate to avoid multicollinearity. Thirty-five children developed OCD in the study ( Table 2) . Univariable logistic regressions indicated that preschoolers showing increased theorized performance monitoring were more than 2 times more likely to experience onset of OCD (OR, 2.23; 95% CI, 1.28-3.89; P = .005) ( Table 3) . Adjusting for baseline clinical, medication, and demographic variables, multivariable logistic regressions indicated preschoolers with preschool onset of depression had a nonsignificantly higher likelihood of developing OCD (OR, 2.41; 95% CI, 0.97-5.96; P = .06). Children demonstrating heightened observed performance monitoring were again 2 times more likely to develop OCD (OR, 2.00; 95% CI, 1.06-3.78; P = .03). Examining individual dimensions of the performance-monitoring composite demonstrated that only observed self-criticism was associated with OCD onset when adjusting for covariates (eResults in the Supplement). Analyses testing diagnostic specificity indicated that performance monitoring was not associated with other disorders that exhibit aberrant performance monitoring (eResults in the Supplement).
Longitudinal multilevel linear models examining the association of theorized performance monitoring with left and right dACC volume showed significant decreases in left (intercept estimate, −0.05; SE, 0.003; t = 15.92; P < .001) and right (intercept estimate, −0.02; SE, 0.002; t = −8.86; P < .001) dACC volume as children aged ( Table 4) . Greater baseline anxiety sum scores were also significantly associated with smaller right dACC volume (estimate, −0.06; SE, 0.02; t = −2.98; P = .003). Above and beyond these associations, observed performance monitoring was significantly associated with decreased right dACC volume (intercept estimate, −0.14; SE, 0.07; t = −2.17; P = .03) but not left dACC volume (intercept estimate, 0.02; SE, a Calculated by dividing the total family income by the federal poverty level based on family size for the year of data collection.
b P < .05 compared with the group without OCD using the χ 2 test for preschool depression and t test for symptom severity scores. c Scores range from 0 to 7, with higher scores indicating higher compulsions severity.
d Scores range from 0 to 32, with higher scores indicating more externalizing symptoms.
e Scores range from 0 to 13, with higher scores indicating more anxiety symptoms.
f Scores range from 1.00 to 4.00, with higher scores indicating greater levels of performance monitoring.
0.07; t = 0.33; P =. 7 4 ) (Figure) . Sixteen children developed OCD before the first scan. When these children were excluded from analyses, results were identical: heightened performance monitoring continued to be associated with right dACC reductions (P = .04) but not left dACC reductions. Post hoc exploratory analyses testing specificity indicated performance monitoring was associated with larger left thalamus volume but not other OCD-associated brain volumes (eResults in the Supplement).
Discussion
These longitudinal findings provide preliminary support that an observationally coded and theorized indicator of performance monitoring in preschool-aged children may be an early emerging risk factor for OCD. Preschool-aged children who demonstrated elevated observed performance monitoring were twice as likely to develop OCD during the next 12 years. These children also exhibited reduced right dACC volume, a region associated with performance monitoring and implicated in OCD, across 3 waves of magnetic resonance imaging scans. These findings provide longitudinal diagnostic and neuroimaging data to support observed heightened performance monitoring as a precursor that increases the risk for OCD. Importantly, this information could inform identification of children at high risk for developing OCD at early ages. The observed measure of performance monitoring was observationally coded from an ecologically valid task in which the child was asked to draw a circle, followed by repeated critical feedback about its imperfections. Patients with OCD in particular struggle with simple vs complex tasks, because performance monitoring is most elevated during simpler tasks. 45 As such, this simple and cost-efficient task appeared to activate heightened performance monitoring in young children and demonstrated initial long-term validity as an early indicator of performance monitoring. Interestingly, the individual indicator from the performance monitoring composite demonstrating the strongest association with OCD was selfcriticism. Self-criticism was not associated with depression (eResults in the Supplement) and was exhibited when the child was already facing experimenter criticism. This study is the first, to our knowledge, that establishes observed performance monitoring, a purported endophenotype of OCD, 4 as directly contributing to the pathogenesis of the disorder. Importantly, this association held after controlling for the effects of baseline generalized anxiety, separation anxiety, dimensional compulsions, and preschool depression, all of which increase the risk for OCD. [49] [50] [51] [52] [53] Little is understood of prevention and early intervention in OCD, 5 especially possible mechanisms of change. Given initial evidence that neural performance monitoring can be modified via experimental manipulation in OCD and intervention in chronic worriers, 54,55 our findings suggest that heightened performance monitoring may be a prime mechanistic target for early childhood intervention, while these tendencies are still malleable.
Limitations
Our study has limitations. First, children did not undergo baseline neuroimaging scans. Thus, we do not know whether dACC volume was reduced at baseline when performance monitoring was assessed. Second, OCD is not fully assessed in the PAPA, and thus was not diagnosed at the first 3 preschool assessment waves. Although a clinical diagnosis of OCD at younger than 6 years is uncommon, and although we statistically controlled for baseline compulsions and anxiety symptoms, some children may have exhibited a baseline diagnosis. 
Psychiatric Diagnostic Interviews
Participants completed an average of 7.79 (SD=3.10) diagnostic assessments of the total 12 possible assessments that were conducted approximately every 18 months.
OCD diagnoses were obtained at each assessment, querying the time since the last inperson assessment using the age-appropriate diagnostic assessment (PAPA, CAPA or K-SADS). To ensure diagnostic reliability, approximately 20% of tapes were reviewed by a master coder and discrepancies were discussed in a case consultation meeting with a senior child psychiatrist and last author of the current manuscript (J.L.L.). Because only a subset of tapes were coded for inter-rater reliability, and given OCD diagnoses across the study were low, very few ID's were coded for reliability for OCD. However, across the study, depression diagnoses were highly reliable (range =.91-1.00) 2 and inter-rater reliability at the final assessment across all diagnoses ( =.85) and for OCD ( =1.00) was excellent.
eResults. Symptoms and Observed Performance Monitoring Associations Baseline Dimensional Compulsion Symptoms
Although a full OCD diagnosis was not obtained using the PAPA due to very low prevalence of OCD diagnoses in preschoolers, information regarding compulsions was assessed. Items were obtained during the diagnostic interview, coded by a master's level assessor, and then summed to create a compulsion severity score, and included: a) 3 however, dACC volume does not appear to be a risk factor for adolescent depression, 4 nor are we aware of any studies demonstrating reduced dACC in childhood depression. However, in addition to controlling for baseline preschool depression status in all multilevel models, which indicated that preschool depression did not predict brain volume or trajectories (see Table 4 ), we also examined whether children with and without preschool depression demonstrated differences in dACC volumes at any of the three scan waves (without any other covariates that might influence associations).
Independent samples t-tests demonstrated no significant group differences on left or right dACC volume at any scan (p's>.19).
Dimensions of Observed Performance Monitoring Predicting OCD Onset
Four univariable, followed by four multivariable, logistic regressions (again adjusting for baseline age, income-to-needs, psychotropic medication use, externalizing, anxiety, and compulsion symptoms, and preschool depression) were performed to examine whether each coded facet (frustration, diligence, intensity, and self-criticism) of the observed preschool performance monitoring composite predicted onset of OCD. Results indicated that average volume, but not trajectories of dACC volume, change over time, was associated with observed performance monitoring.
Observed Performance Monitoring Predicting Volume in Related Brain Regions
OCD is characterized by neural abnormalities in other brain regions related to performance monitoring, especially the rostral ACC (rACC). The rACC is also implicated in error responding, but also plays a large role in more emotional domains and emotionally salient tasks compared with the dACC. 6 As such, we performed four post- 10 Moreover, the thalamus is a relay station or gating structure in the cortico-striato-thalamo-cortico circuit, and abnormalities in this region may disrupt information exchange from the basal ganglia to cortical areas, including the dACC. [11] [12] [13] As such, exploratory analyses demonstrated initial indication that preschool observed performance monitoring may disrupt this circuit and demonstrate indirect effects on thalamic volume later in development.
